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Viral particle binding to plasma membrane receptors
elicits virus motions, recruits signaling proteins, and
triggers membrane bending and fission, finally re-
sulting in endocytic virus uptake. Here we analyze
how human adenovirus engages its receptor cox-
sackievirus adenovirus receptor (CAR) and corecep-
tor av integrin to move on the plasma membrane.
Virus binding to CAR through fiber knobs gave rise
to diffusive motions and actomyosin-2-dependent
drifts, while integrin-targeted viruses were spatially
more confined. Diffusions, drifts, and confined
motions were specifically observed with viral parti-
cles that were subsequently internalized. CAR-medi-
ated drifts together with integrin binding supported
fiber shedding from adenovirus particles, leading
to exposure of the membrane-lytic internal virion
protein VI and enhanced viral escape from endo-
somes. Our results show that adenovirus uncoating
is initiated at the plasma membrane by CAR drifting
motion and binding to immobile integrins.
INTRODUCTION
Binding of virus particles to receptors in the plasma membrane
elicits virus motions, recruits signaling proteins, and triggers
uptake through membrane bending and fission processes
(Burckhardt and Greber, 2009; Doherty and McMahon, 2009;
Mercer et al., 2010; Mothes et al., 2010). Viral motions on the
cell surface support transmission of particles between cells
(Sherer et al., 2007), and it has been proposed that they enhance
infection by transporting particles to sites competent for
signaling and endocytosis (Ewers et al., 2005; Lehmann et al.,
2005; Schelhaas et al., 2008). How the motions of particles
are coupled to downstream events, such as endocytosis, and
how they impact on viral infection mechanisms is, however,
unknown.
Adenoviruses cause upper and lower respiratory tract infec-
tions, affect the urinary and digestive tracts, and occasionally
give rise to epidemic conjunctivitis and death of immune-Cell Hoscompromised patients (Hayashi and Hogg, 2007; Hierholzer,
1992). Adenoviruses are nonenveloped particles with 720 hexon
subunits arranged as 240 trimers on a pseudo-T = 25 icosahedral
lattice (Liu et al., 2010; Reddy et al., 2010). Pentameric penton
base proteins are positioned at the vertices and anchor the
protruding trimeric fibers. The terminal fiber knobs (FKs) bind
with high affinity to the type 1 transmembrane protein coxsack-
ievirus adenovirus receptor (CAR; Bergelson et al., 1997;
Roelvink et al., 1999). In normal polarized cells, CAR is involved
in cell-cell adhesions at the basolateral domain and tight junc-
tions (Coyne and Bergelson, 2005), and also has activation and
effector functions by binding to junction adhesion molecule-
like protein (JAML) of mucosal gd T cells (Witherden et al.,
2010). Upon stimulation with cytokines, CAR and av-b3 integrin
coreceptors relocate to the apical membrane andmediate apical
infection with Ad2/5 (Lutschg et al., 2011).
Adenoviruses require integrins for infection (reviewed in
Stewart and Nemerow, 2007). av-b3/5 integrins bind to the
protruding arginine-glycine-aspartate (RGD) motif in penton
base of human adenovirus type 2 (HAdV2, short Ad2; Chiu
et al., 1999; Wickham et al., 1993), and promote dynamin and
actin-dependent viral endocytosis (Li et al., 1998; Meier et al.,
2002; Wang et al., 1998), and escape from endosomes to the
cytosol (Gastaldelli et al., 2008).
Ad2 and the closely related Ad5 undergo identical stepwise
uncoating programs during entry. The uncoating starts with
release of fibers and penton base and ends with DNA genome
delivery to the nucleus (Greber et al., 1993; Nakano et al.,
2000). Viral escape from endosomes requires the exposure of
the internal capsid protein VI, which has membrane disruption
functions in vitro (Maier et al., 2010; Wiethoff et al., 2005) and
in vivo (Moyer et al., 2011). The cues for protein VI activation
are, however, unknown. Interestingly, the mutant Ad2-TS1
(TS1), which has a defect in proteolytic processsing of cementing
proteins due to a point mutation in the viral protease (Imelli et al.,
2009), contains stabilized rings of peripentonal hexons (Perez-
Berna et al., 2009), does not release the fibers or penton base,
and remains trapped in endosomes and is degraded in lyso-
somes (Greber et al., 1996). The surface cryo-EM structure of
TS1 is identical towild-type Ad2 (Perez-Berna et al., 2009; Silves-
try et al., 2009). This suggests that depending on the mechanical
stability of the capsid, cellular cues induce virus uncoating.
Uncoating of nonenveloped viruses is increasingly recognized
to require cellular cues. For picornaviruses, such as thet & Microbe 10, 105–117, August 18, 2011 ª2011 Elsevier Inc. 105
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ruses, hepatitis A virus, or common cold causing ICAM-1 (inter-
cellular adhesion molecule-1)-tropic rhinoviruses, receptor
binding leads to the loss of the internal viral protein (VP) 4 and
the extrusion of the membrane active N-terminal peptide of
VP1 (Smyth and Martin, 2002). In the case of poliovirus, this
lowers the transition state energy for the conversion to subviral
particles (Tsang et al., 2001). For the invertebrate nodavirus
Flock House virus, the acidic endosomal environment triggers
the autocatalytic release of a small membrane-active protein
(Odegard et al., 2009) or triggers the cellular cystein protease
cathepsin L, which cleaves reovirus capsid proteins yielding
membrane active subviral particles (Ebert et al., 2002). Thiol-
disulfide oxido-reductases have been shown to isomerize disul-
fide bonds of simian virus 40 in the ER, thereby unlinking the
major capsid protein VP1 and releasing some VP1 proteins
(Schelhaas et al., 2007). Here we studied the mechanism by
which human adenovirus (HAdV, short Ad) species C initiates
uncoating on the cell surface. We found a dual cue: drifting virus
receptors (CAR) and confined motions by integrins that trigger
the shedding of fibers from the particle and the activation of
the internal capsid protein VI. These initial steps in the uncoating
program prime the virus for infectious endocytosis and endoso-
mal escape.
RESULTS
Three Distinct Motions of Extracellular Human
Adenovirus Type 2 on Filopodia and the Cell Body
To analyze cell surface motions of Ad2, we inoculated human
embryonic retinoblast (HER) 911 cells stably expressing eGFP-
actin with Atto565-labeled Ad2 (Ad2-atto565) and recorded viral
motions on filopodial extensions and the cell body at an acquisi-
tion frequency of 25 Hz up to 5 min after addition of viruses (see
Movie S1 and Movie S2, available with this article online). Extra-
cellular low pH quenching experiments of FITC-labeled Ad2-
atto565 indicated that more than 90% of the viral particles
were pH sensitive. These particles lost the FITC signal up to
10 min post warming after cold binding but retained the pH-
insensitive Atto565 signal. Thus, the vast majority of viruses
were extracellular (Figure S1A). To obtain virus trajectories,
images were processed by a single particle-tracking algorithm
(Sbalzarini and Koumoutsakos, 2005). Visual inspection of virus
trajectories revealed that trajectories were of considerable
heterogeneity but contained three distinct motion patterns,
which we refer to as diffusion, drifts, and confined motions
(Figures 1A and 2C). To automatically extract these patterns
from large sets of trajectories, we trained a machine learning-
based trajectory segmentation algorithm (Helmuth et al., 2007).
This algorithm identified the three virus motion patterns at
90%–95% accuracy.
To characterize the movements of Ad2-atto565 on L929-CAR
cells, we determined the diffusion constant D, the moment
scaling spectrum (MSS) slope (Ewers et al., 2005; Helmuth
et al., 2007), and the size and duration of the motion patterns
(Figure S1B). MSS slopes are a measure for the diffusive
behavior, where values below 0.5 indicate confined diffusion,
values of 0.5 random walks, and values above 0.5 diffusion
with underlying drifts (see also Ewers et al., 2005). A value of 1106 Cell Host & Microbe 10, 105–117, August 18, 2011 ª2011 Elseviwould be obtained for a linear trajectory. Characteristically,
the confined motions of Ad2-atto565 had diffusion constants
between 0.001 and 0.01 mm2/s and MSS slopes around 0.2,
while drifts had narrowly distributed D values around
0.005 mm2/s and MSS slopes between 0.2 and 0.7 (Figures
S1Ba, S1Bd, S1Bg, and S1Bj). The Ad2-atto565 drifts were
found to be aligned in a directionality versus distance plot, unlike
the confinedmotions (restricted to areas smaller 0.25 mm2) or the
diffusive motions (covering larger areas), indicating that drifts
moved directionally (Figures S1Bb, S1Be, S1Bh, and S1Bk).
The durations of drifts were often longer than the confined
motions, sometimes up to 50 s (Figures S1Bc, S1Bf, S1Bi, and
S1Bl). The diffusive motions, on the other hand, were short lived
in the range of few seconds, with D values of 0.05 mm2/s and
MSS slopes between 0.2 and 0.6. The remaining nonclassified
motions (less than 2% of the virus live time at the cell surface)
had similar properties as the diffusive motions (Figures S1Bm–
S1Bo). This shows that the diffusions, drifts, and confined
motions occupied different but partly overlapping areas in
the multiparameter feature space of MSS slope, D, size, direc-
tionality, and duration. The combination of such features
allows the automated detection of motion patterns by machine
learning-based trajectory segmentation. With this powerful
procedure, we found diffusion, drifts, and confined motions of
Ad2-atto565 on both filopodia (Figure 1A, tracks 1–3; Figure 1B;
and Movie S1) and the cell body (Figure 1A, tracks 4 and 5; Fig-
ure 1B; and Movie S2). In both instances, the drifts had speeds
around 10–40 nm/s and lengths up to 2–3 mm (Figure S1C).
Mechanistically, the drifts could be due to passive coupling to
amovingmatrix, such as an actin ormicrotubule network, or they
could be driven by actin assembly, or directly by a processive
motor moving on a cytoskeletal track. Inhibition of actin filament
growth by cytochalasin D (cytoD), which binds to the fast-
growing end of actin and depolymerizes actin filaments, or
inhibition of myosin-2 with blebbistatin (Straight et al., 2003)
significantly reduced the Ad2-atto565 drifts without affecting
diffusion or confined motions (Figure 1B). The viral drifts on the
cell body of human melanoma M21 cells were also inhibited
by the actin-sequestering drug latrunculin B (data not shown),
while depolymerization of microtubules by nocodazole did not
reduce drifts in M21 cells (Figure S1C). In fact, nocodazole
significantly enhanced the actomyosin-dependent drifts from
7.2% to 10.4%. This is in agreement with previous reports
showing that depolymerization of microtubules increases the
levels of F-actin by activation of microtubule-associated Rho
guanine exchange factors (Danowski, 1989; Krendel et al.,
2002) and changes the viscoelastic properties of the cortical
actomyosin network. Together, the data show that adenovirus
drifts require an intact and dynamic actin cytoskeleton and the
actin-dependent myosin-2 motor protein, while the diffusive
motions and confined motions were independent of actin.
Diffusive Motions of Adenovirus Upstream
of Endocytosis Depend on CAR
To analyze the motion patterns upstream of virus endocytosis,
we recorded movies of Ad2-atto565 by total internal reflection
fluorescence (TIRF) microscopy on dynamin2-EGFP expressing
HER-911 cells at 37C up to 10 min post binding. Functional
analyses have indicated that Ad2 internalization depends oner Inc.
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Figure 1. Ad2 Drifts Depend on Actin Retrograde Flow and Myosin-2 and Support Infection
(A) Automated segmentation of 25Hz trajectories of Ad2-atto565 shows drifts (red), diffusion (cyan), confinedmotion (black), and not classifiedmotion (dark blue).
Example trajectories of viruses bound to filopodia (trajectories 1–3) or the cell body (trajectories 4 + 5) are depicted.
(B) Quantification of Ad2-atto565 motion patterns on filopodia and the cell body of HER-911 cells during the first 5 min post inoculation. Cells were either
untreated (no drug) or pretreated for 20 min with 50 mMblebbistatin (Blebbi) or 5 mM cytoD. The drugs were present during imaging. The median time of viruses in
each motion type is plotted, including 95% confidence intervals (bootstrapping). c, number of cells; t, number of analyzed trajectories.
See also Figure S1 and Movie S1 and Movie S2.
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Virus Uncoating by Cell Surface Receptor Motionsthe large GTPase dynamin (Gastaldelli et al., 2008; Meier et al.,
2002) as well as on actin (Nakano et al., 2000). Viruses that dis-
appeared from the TIRF view together with a spatially and
temporally correlated peak of dynamin2-EGFP intensity (blink)
were selected (for a representative example, see Figures 2A–
2C and Movie S3). Dynamin blinks are diagnostic hallmarks for
dynamin recruitment to clathrin-coated pits shortly before the
pits move away from the plasma membrane (Merrifield et al.,
2002; Perrais andMerrifield, 2005). Analysis of 20 events demon-
strated that adenovirus disappearance coincided with a peak in
dynamin2-EGFP intensity, which lasted for about 30 s (Fig-
ure S2). This burst time was identical to dynamin2-EGFP bursts
in clathrin-mediated endocytosis of transferrin, vesicular stoma-
titis virus, or sorting nexin 9 regulated dynamin assembly (Cure-
ton et al., 2009; Perrais and Merrifield, 2005; Soulet et al., 2005).
Hence, we classified these events as internalizing viruses. The
average lifetime of the viruses on the cell surface was 322 ±
136 s (mean ± SD, n = 20), well within the range of biochemical
measurements (Gastaldelli et al., 2008; Greber et al., 1993).Cell HosTrajectory segmentation revealed that all three types ofmotion
occurred prior to internalization (Figures 2C and 2D) with
a considerable heterogeneity in the sequence of different motion
types (Figure 2E). Alignments of the trajectories to the time point
of virus attachment on the cell surface showed that about 80%of
all viruses were in diffusive motions during the first 15 s after cell
binding (Figure 2F). The fraction of diffusion rapidly decreased to
about 40% at 50 s and 15% at 200 s, while drifts and confined
motions increased. This suggested that the longer the viruses
resided on the plasma membrane, the less likely they were to
diffuse.
The trimeric FK is necessary and sufficient to attach the virus
particle to CAR (Bergelson et al., 1997; Bewley et al., 1999;
Roelvink et al., 1999). We used purified FK (Figure S3A) to test
whether Ad5 FK binding to CAR clusters multiple CAR mole-
cules, and performed fluorescence recovery after photobleach-
ing experiments in L929 cells expressing an N-terminally fused
GFP-CAR. We found that FK delayed the recovery of GFP-
CAR fluorescence (Figure S3B and S3C), consistent with FKt & Microbe 10, 105–117, August 18, 2011 ª2011 Elsevier Inc. 107
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Figure 2. Drifts, Diffusion, and Confined Motions Occur on Ad2 Prior to Internalization
(A–C) Ad2-atto565 was added to HER-911 cells stably expressing dynamin2-EGFP and imaged immediately thereafter for 10 min. Images were recorded at 1 Hz
in the red channel (568 nm) and 0.5 Hz in the green channel (488 nm). Virus internalization events were identified by visual inspection, when Ad2-atto565 particles
disappeared from the TIRF view simultaneously with a blink of dynamin2-EGFP. One such event is shown in (A), where a virus (red) binds at t = 0 and is internalized
421 s after binding, with a dynamin2-EGFP (green) peak at 406 s. The corresponding image intensity profiles for Ad2-atto565 and dynamin2-EGFP are shown in
(B) and the segmented trajectory of the virus in (C), including start and end positions. The part of the trajectory that occurred during the dynamin2-EGFP peak
shown is plotted as thick red line close to the end of the track (399–420 s after virus binding).
(D) The quantification of motion patterns of Ad2-atto565 on HER-911 expressing dynamin2-EGFP, including the internalizing viruses (t = 20) and the entire
population of analyzed viruses (t = 4571). The median time of viruses in each motion type is plotted (95% confidence intervals from bootstrapping). c, number of
cells recorded; t, number of analyzed trajectories. Color code as in (C).
(E) Profiles of motion patterns from the trajectories of internalizing Ad2-atto565 aligned to the time of virus binding to the cells at t = 0. Color code as in (C).
(F) Analysis of the frequency ofmotion types calculated for every frame in the aligned tracks in (E) for the first 200 s after virus binding to the cell. Color code as in (C).
(GandH)Drift speedand lengthhistograms for internalizingAd2-atto565 (depicted in red) in the context of the entire population of viruses (black). N=number of drifts.
See also Figure S2 and Movie S3.
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Figure 3. Recombinant Fiber Knobs Have Similar Drift Speeds and Lengths as Virus Particles
Fluorescent Ad5 FKs labeled with atto565 were imaged on the surface of HER-911 cells by TIRF microscopy at 0.2 Hz. Example trajectories of drifting FK are
shown in (A). Histograms of drift speeds and lengths from 25 tracks on 57 cells are shown in (B) and (C), respectively. (D) In HER-911 cells treated with cytoD
(5 mM), Ad5 FK-atto565 had a significantly reduced drift median time (bootstrapping, 95% confidence intervals). c, number of cells.
See also Figure S3.
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particle tracking of fluorescently labeled FK-atto565 that showed
diffusive behavior (see Figure S3E). The diffusion constants of
FK-atto565 (0.21 ± 0.28 mm2/s, see also Figure 3) and Ad2-
atto565 (0.09 ± 0.17 mm2/s) were in the same range, but we noted
that D for Ad2-atto565 was lower than that for FK, possibly
reflecting multiple interactions of viral FK with CAR (see also
Figures S3D and S3E). We conclude that CARmediates diffusion
of virus particles on the cell surface.
Viral Drifting Motions Upstream of Internalization
Are Mediated by CAR
Similar to diffusion, drifting motions occur upstream of internali-
zation (Figures 2C–2F). Interestingly, most of the internalizing
particleswere engaged at least once in drifts (13 of 20, Figure 2E).
These viruses spent about 30% of their surface lifetime in drifting
motions, compared to 14% for the overall particles (4571
events), and less time in confinement (43% compared to 58%,
Figure 2D). This does not necessarily indicate that drifts
promoted virus movement toward sites where endocytosis
was active, but could simply reflect the fact that endocytosis-
competent viruses were less likely to be trapped. Interestingly,
the drifts were typically shorter than 2 mm (Figure 2H) and
frequently interrupted by confined motions (Figure 1A, tracks 2
and 4) or diffusion (Figure 2C). The drift speeds of internalizing
Ad2-atto565 were 5–33 nm/s (Figure 2G), which is within the
range of the population drift speeds, and similar to the acto-
myosin-mediated drifts of murine leukemia virus (Lehmann
et al., 2005) or human papilloma virus (Schelhaas et al., 2008),
or treadmilling rates of actin filaments (Gardel et al., 2008).
Importantly, drifting motions were observed with purified
FK-atto565 at speeds between 20 and 70 nm/s, slightly higher
than Ad2-atto565 particles (Figures 3A and 3B). This difference
is most likely due to lower image acquisition rates (0.16 Hz
compared to 25 Hz for virus experiments), which was necessaryCell Hosto minimize the bleaching of weakly fluorescent FK (Figures 3A
and 3B). The drift lengths of FK ranged from 300 to 600 nm (Fig-
ure 3C), a bit shorter than the Ad2-atto565 drifts, most likely due
to bleaching of FK-atto565. Although the FK drifts amounted to
only about 2% of the total lifetime, they were strongly reduced
by cytoD (Figure 3D), indicating an actin-based mechanism
similar to Ad2-atto565. Taken together, the results show that
binding of the trimeric FK to CAR is sufficient for both diffusive
and drifting motions.
Adenovirus Targeted to av Integrins in the Absence
of CAR Has Reduced Drifts and Infection
We next addressed the role of av integrin coreceptors for adeno-
virus motions on the surface. We used a mutant virus with
a cysteine-constrained RGD motif in the FK (Ad5-RGD4C).
This virus binds to av-integrins with high affinity and attaches
to CAR-negative cells (Nagel et al., 2003). Segmentation of
Ad5-RGD4C-atto565 trajectories on CAR-negative L929 cells
showed that the drifts were reduced to 3%, compared to
10% or 13% on CAR-expressing L929 cells for Ad5-RGD4C-
atto565 or Ad2-atto565, respectively (Figure 4A). This confirmed
that Ad2 binding to CAR increases the drifts. Notably, the
drifts were independent of the cytosolic tail or the transmem-
brane domain of CAR, as indicated by Ad2-atto565 motion anal-
yses in L929 cells expressing glycosyl-phosphatidyl-inositol
(GPI)-CAR or tailless CAR (Figure S4A). GPI-CAR supports infec-
tion of cultured cells similarly to full-length CAR (Wang and
Bergelson, 1999).
To test whether av-integrins negatively affected drifts, Ad2-
atto565 was imaged on av-integrin-deficient M21L cells. The
virus drifted 18% of its cell surface time. In contrast, drifts in
av-integrins expressing M21 cells, or av-integrin overexpressing
M21L4 cells, were reduced to 10% or 4%, respectively (Fig-
ure 4A), indicating that av-integrins were not required for but
reduced virus drifts. This was confirmed by the observationt & Microbe 10, 105–117, August 18, 2011 ª2011 Elsevier Inc. 109
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Figure 4. Ad2 Drifts Depend on CAR but Not av-Integrins, and Drifts Enhance Infection
(A) Motion analyses of Ad2-atto565 (wild-type, WT) and Ad5-RGD4C-atto565 (RGD4C) on L929 (CAR-negative), L929-CAR (stably expressing human CAR),
M21L (av-integrin-negative), M21 (av-integrin-positive), or M21L4 (av-integrin overexpressing) cells indicating the median time of viruses in each motion type
(drifts, diffusion, confinement, not classified). Data are represented as the median time the viruses spent in each motion type. Ninety-five percent confidence
intervals were obtained by bootstrapping. Number of cells (C) and trajectories (t) analyzed.
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Virus Uncoating by Cell Surface Receptor Motionsthat integrin-bound Ad5-RGD4C-atto565 particles were con-
fined during 90% of their cell surface time (Figure 4A), and the
remaining diffusive motions of Ad5-RGD4C-atto565 on CAR-
negative L929 cells were slower than those of Ad5-RGD4C-
atto565 or Ad2-atto565 on CAR-expressing L929 cells (Fig-
ure S4B). In addition, Ad2-atto565 motion analyses on M21 cells
indicated that cRGD peptides increased the drifts from 7% to
15% and slightly reduced confined motions (Figure 4B). cRGD
peptides inhibit virus-integrin interactions by competing for
av-integrin binding to the viral penton base protein (Chiu et al.,
1999). Likewise, soluble extracellular av and b3 integrin subunits
fused C-terminally to human immunoglobulin Fc (avb3ex-Fc, see
Figures S4Ca and S4Cb), increased viral drifts, and slightly
reduced the confined motions on HER-911 cells (Figure 4B).
Plasmon resonance experiments indicated that avb3ex-Fc binds
to Ad2 (Figure S4Cc), and thus avb3ex-Fc inhibits interaction of
virus with cell surface av-integrins. avb3ex-Fc bound to virus
less efficiently than a protein containing the extracellular domain
of CAR linked to human immunoglobulin Fc (CARex-Fc, Fig-
ure S4Cd and S4Ce), but this is in agreement with a reported
10-fold lower affinity of av integrins to Ad2 than soluble CAR
(Chiu et al., 1999; Mayr and Freimuth, 1997; Wickham et al.,
1993). We conclude that virus binding to av integrins reduces
CAR-mediated drifts.
Importantly, the specific infectivity of integrin-targeted GFP-
expressing Ad5-RGD4C-atto565 in CAR-deficient human mela-
noma M950710 cells (M95) was about 44% lower than the
infectivity in M95-CAR cells, as indicated by cold-synchronized
infection (Figures 4C–4E). In addition, the treatment of L929-
CAR cells with blebbistatin reduced infection with Ad5-GFP by
more than 50% (Figures 4F and 4G). Collectively, these data indi-
cate that the CAR-mediated drifts promote infection.
CAR-Mediated Drifts and av-Integrin Confinements
Enhance the Shedding of Viral Fibers
We next addressed if virus drifts and confinement were involved
in fiber shedding from the particles. Shedding of fibers from Ad2
on the cell surface is important for infection and enhances virus
escape from endosomes (Greber et al., 1996; Nakano et al.,
2000). In vitro experiments have suggested that fiber shedding
could contribute to the exposure of the membrane-active
internal viral protein VI (Maier et al., 2010; Wiethoff et al., 2005;
Wodrich et al., 2010). Immuno-gold labeling of cryosections
from HER-911 cells infected with Ad2 showed that cytoD or
blebbistatin prevented the reduction of fiber epitopes on Ad2
20 min post infection, compared to nontreated cells (Figures
5A–5C and 5E). As expected, TS1, which is deficient in fiber(B) M21 and Her-911 cells were pretreated for 20min with cyclic RGD (cRGD, 0.5 m
patterns were analyzed after 5 min of inoculation in the presence of inhibitors. Viru
represented as the median time the viruses spent in each motion type. The 95
recorded; t, number of analyzed trajectories.
(C–E) Infection of CAR-expressingM950710melanoma cells (M95-CAR) or CAR-m
av-integrins. Input of fluorescent viruses was chosen such that equal numbers of
Both cell lines are positive for av-integrins (not shown). (C and D) Subsequently,
median GFP expression by fluorescence microscopy (E). Bootstrapping was use
(F and G) Mouse L929-CAR cells stably expressing human CAR were treated wi
stained 12 hr post infection, followed by GFP intensity measurements in the DAP
and median GFP intensities are shown in (G), including the 95% confidence inte
See also Figure S4.
Cell Hosshedding (Greber et al., 1996), had high levels of fiber epitopes
(Figures 5D and 5E). Confocal laser scanning fluorescence
microscopy confirmed these data and showed that blebbistatin-
or cytoD-treated HeLa cells were impaired at releasing fibers
from incoming Ad2-atto565 (Figures S5A and S5B). A rabbit
polyclonal anti-fiber antibody was used in experiments de-
scribed in Figure 5 and Figure S5, but the results were confirmed
also with a monoclonal anti-fiber antibody 6A4 (data not shown;
Fender et al., 1995). Unfortunately, fiber shedding could not be
compared in M95 and M95-CAR cells, since infection of CAR-
negative cells requires Ad5-RGD4C virus and anti-fiber anti-
bodies (and 6A4) are specific for Ad2 (data not shown).
Biochemical assays had previously shown that fiber shedding
and virus infection are inhibited by cRGD peptides in HeLa cells
(Greber et al., 1996; Nakano et al., 2000; Wickham et al., 1993,
1994). When analyzed by confocal laser scanning fluorescence
microscopy, fiber shedding from Ad2-atto565 in av-integrin-
negativeM21L cells was less efficient than in av-integrin-overex-
pressing M21L4 cells (Figures S5C and S5D). In contrast to
cRGD peptides, soluble avb3ex-Fc did not affect fiber shedding
from incoming Ad2 in HER-911 cells (Figures 6A and 6B),
although avb3ex-Fc inhibited Ad5-GFP infection of HER-911
cells and M21L4 cells (Figures 6C and 6D) and the release of
incoming virus to the cytosol (data not shown). This is consistent
with earlier observations showing that integrins are important for
adenovirus internalization and membrane penetration (Greber
et al., 1996; Wickham et al., 1993, 1994). Taken together, these
results suggest that both the CAR-mediated drifts and interac-
tion of virus with integrins are required for efficient fiber shed-
ding. Soluble integrins can substitute for membrane-anchored
integrins in fiber shedding, but not in viral escape to the cytosol.
CAR-Mediated Drifts Enhance the Exposure
of the Membrane-Lytic Internal Capsid Protein VI
The escape of adenovirus from endosomes to the cytosol is
coupled to partial uncoating of the capsid at the plasma
membrane and in endosome, as indicated by entry analyses of
the uncoating-defective mutant TS1 (Gastaldelli et al., 2008).
These early uncoating events involve the release of fibers, pen-
ton base, and internal capsid proteins, such as proteins IIIa
and VIII (Greber et al., 1993; Nakano et al., 2000). The membrane
lytic factor of adenovirus is protein VI located within the capsid
(Perez-Berna et al., 2009; Silvestry et al., 2009; Wiethoff et al.,
2005). Protein VI epitopes were found to be exposed during
virus entry (Wodrich et al., 2010). We raised a polyclonal anti-
serum against protein VI, which allows quantitative in situ anal-
yses of protein VI during entry. This antibody did not react withM) or soluble avb3ex-Fc (0.097mg/ml), respectively, and Ad2-atto656 motion
s trajectories were obtained and analyzed as described before, and data were
% confidence intervals were obtained by bootstrapping. c, number of cells
inusM950710 cells (M95) with Ad5-RGD4C-atto565-GFP (RGD4C) targeted to
RGD4C particles attached to M95 and M95-CAR cells 15 min post inoculation.
cells were washed and infection carried out for 12 hr, followed by analyses of
d to obtain 95% confidence intervals.
th blebbistatin or carrier DMSO, infected with Ad5-EGFP, and fixed and DAPI
I area. Example images with overlaid GFP and DAPI channels are shown in (F),
rvals (bootstrapping).
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Figure 5. Ad2 Drifts Are Required for Ad2 Fiber
Shedding
HER-911 cells were incubated with Ad2 in the cold and
warmed for 20 min and prepared for cryosection EM
analyses. Fiber epitopeswere detectedwith the rabbit R72
antibody and 10 nm gold-coupled secondary goat anti-
rabbit antibodies. Representative images are shown in
(A–D). Gold particles are highlighted with arrowheads. (E)
Quantification of gold particles per virus particles at the
plasma membrane indicated by the mean and ± standard
error of the mean. P values were obtained by Student’s
t tests. c, number of cells; v, number of viruses analyzed.
See also Figure S5.
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Virus Uncoating by Cell Surface Receptor Motionsnative Ad2, unlike the R72 fiber-specific antibody (Figures S6Aa–
S6Ac). Likewise, purified Ad5-RGD4C was negative for anti-
protein VI staining, as well as viruses used for cryo-EM experi-
ments (Figure S6Ad). Ultrathin cryo-EM sections of infected cells
were used to assess total protein VI in incoming virions. As ex-
pected, both Ad2 and TS1 particles on the cell surface or endo-
somes were positive for protein VI, but cytosolic Ad2 lacked
protein VI (Figures 7A and 7B). This indicated that protein VI
was lost from incoming Ad2 virions before or during endosomal
penetration.
We next analyzed if protein VI was exposed on incoming virus
particles. Using confocal laser scanning microscopy we found
that the exposure of protein VI was maximal at 10 min post
warming in cold synchronized HeLa infections (Figure 7C and
Figure S6B). Essentially no exposed protein VI epitopes were
detectable in cell surface virions (Figure 7C), and TS1 showed
no change in protein VI epitopes from 0 to 10 min post infection
(data not shown). Time course experiments suggested that
protein VI was exposed at or shortly after virus uptake into endo-
somes (data not shown).
Interestingly, we also detected protein VI epitopes devoid of
atto565 labeling, suggesting that protein VI separated from the
viral capsids (Figure 7C, 10 min). The inhibition of actomyosin
by blebbistatin or cytoD strongly reduced the exposure of
protein VI epitopes at 10 min pi, and inhibition of virus-integrin
interactions by cRGD peptides also inhibited protein VI expo-
sure, albeit less efficiently (Figure 7D). This latter result was
confirmed in av-integrin lacking M21L cells, which were found
to promote protein VI epitope exposure less efficiently than the
av-integrin-overexpressing M21L4 cells (Figure 7E and Fig-
ure S6C). Taken together, these results suggest that actomy-112 Cell Host & Microbe 10, 105–117, August 18, 2011 ª2011 Elsevier Inc.osin-mediated drifts together with virus-integrin
interactions support efficient protein VI
exposure.
Importantly, the Ad5-RGD4C particles tar-
geted to integrins in CAR-deficient L929 cells
had a significantly lower level of exposed protein
VI epitopes than in the L929 CAR-positive cells
at 10 min post warming (Figure 7F, and Fig-
ure S6D). This was not due to different rates of
viral endocytosis, since when uptake of Ad5-
RGD4C-atto565 was measured by antihexon
surface stain 68.2% of particles in L929 and
66.4% in L929-CAR cells were found to be en-docytozed at the 10 min time point (data not shown). These
results specifically show that the ability of CAR to drift enhanced
protein VI exposure.
DISCUSSION
Based on our data and previous research, we propose the
following model. Immediately after binding to the surface,
adenovirus diffuses on CAR for many seconds (Figure S7, step
1). This motion is similar to the diffusion of virus-free CAR and
allows rapid scanning over large areas of plasma membrane.
The diffusive motions become less frequent with prolonged
surface residence during the first minutes of infection, before
virus internalization. Decreased diffusion coincides with increas-
ing drifting and confined motions, and suggests that virus
progressively interacts with multiple receptors (Figure S7, step
2). Clustering of CAR may trigger CAR drifts that are driven by
dynamic actin filament turnover and the action of myo2. Drifting
CAR receptors together with immobile integrins induce fiber
shedding (Figure S7, step 3). We can envision two nonexclusive
mechanisms for fiber shedding. In the first mechanism, CAR is
pulling on virus, which leads to drifts, and fiber-capsid connec-
tions break, leaving fiber behind, while virus continues to drift
on CAR bound to fibers that are still attached to the virus. In
the second mechanism, CAR is pulling on fiber and breaks the
connection by moving away, thereby leaving the capsid behind.
Our experiments tracked the viruses and determined the drifting
motions of viruses and FK in the first mechanism, while our
imaging was not sensitive enough to directly observe the second
mechanism.We hypothesize that integrin binding to penton base
induces a conformational change that further weakens the
BC
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Figure 6. Soluble Integrins Inhibit Infection but Not Fiber Shedding
(A and B) Immune-gold labeling of cryo-EM sections for Ad2 fiber. HER-911 cells were treated with avb3ex-Fc or control CD46ex-Fc protein as described in
Figure 4B, followed by inoculation with Ad2-WT in cold medium and internalization at 37C for 20 min. Cells were fixed, embedded for cryo-EM, and imaged as
described in the legend for Figure 5. Plasmamembrane-bound viruses and gold particles depicting fiber epitopes were countedmanually (B). Shown is the mean
number of gold particles per virus ± SEM (D). P values were obtained by Student’s t test. c, number of cells; v, number of viruses analyzed. Note that there was
slight experimental variability in the efficiency of fiber staining indicated by the observation of 0.17 gold particles per Ad2 in control cells in Figure 5E, and 0.28 gold
per Ad2 in Figure 6B. This did not change, however, the conclusion that neither soluble integrins nor CD46 affected the shedding of fiber.
(C and D) M21L4 or HER-911 cells were treated with avb3ex-Fc (0.097 mg/ml, 0.015 mg/ml, 0.006 mg/ml) or control CD46ex-Fc protein (0.097 mg/ml) and
infected with Ad5-GFP for 12 hr. Cells were fixed, DAPI stained, and imaged. Example images with overlaid DAPI and GFP signals are shown, including
quantification of the median GFP intensities over the DAPI-positive area (D). The 95% confidence intervals were obtained by bootstrapping.
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Virus Uncoating by Cell Surface Receptor Motionsinteraction between the capsid and the penton-fiber complex
(Lindert et al., 2009). In the presence of a pulling force exerted
by CAR linked to the actomyosin machinery, this may release
fibers from penton base. Subsequently protein VI is exposed
from the capsid (Figure S7, step 4). Possibly, this situation
involves mechanical strain on the capsid vertex through
opposing CAR-mediated drifts and integrin-mediated confine-
ment actions. Fiber release and protein VI exposure are key for
activating the endosome escape machinery of the virus (Greber
et al., 1996; Maier et al., 2010; Moyer et al., 2011; Wiethoff et al.,
2005).Cell HosA key finding of this work is that drifting motions occur by FK
interactions with CAR and can be observed with recombinant
trimeric FK and virus particles. The trimeric FK can cluster CAR,
but the ability of virus-free/FK-free CAR to drift was not tested.
This suggests that CARdrifts are virus induced and occur by clus-
tering of CAR. The trimeric FK is known to bind to three D1
domains of CAR, as shown by kinetic measurements (Lortat-
Jacob et al., 2001) and FRAP analyses. CAR clustering by FK is
further supported by a crystal structure of D1, where D1 forms
a dimer (van Raaij et al., 2000), and by cryo-EM structures of
full-length CAR in a complex with coxsackievirus, where the Ct & Microbe 10, 105–117, August 18, 2011 ª2011 Elsevier Inc. 113
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Figure 7. The Transient Exposure of Protein VI on Incoming Ad2 Requires Drifts and Integrins
(A) Cryosections of Ad2- or TS1-infected HeLa cells prepared at 30 min post infection were immune labeled with an affinity-purified anti-protein VI antibody and
goat anti-rabbit coupled to 10 nm colloidal gold. Note the presence of protein VI (filled arrowheads) on cell surface-attached Ad2 or endosomal TS1. Open
arrowheads depict virus particles.
(B) Quantification of protein VI-specific immune-gold on Ad2 or TS1 particles including the number of cells and virus particles analyzed. P values are derived from
two-sided t tests. Shown are the mean numbers of gold particles per virus ± SEM.
(C) Immunofluorescence labeling of protein VI (green) in HeLa cells infected with Ad2-atto565 (red) for 0 or 10 min. The protein VI-positive particles are shown in
yellow, some of which are pointed out by yellow arrows. Red double arrowheads indicate particles devoid of protein VI signal, and green arrowheads indicate
protein VI signal not colocalizing with virus. Cell borders are indicated by gray lines.
(D–F) Quantifications of protein VI immune reactivity on Ad2-atto565 in (D) HeLa cells treated with actomyosin inhibitors blebbistatin (50 mM) or cytochalasin D
(5 mM), or with cRGD peptides (0.2 mM). (E) Virus-associated protein VI signal in M21L or M21L4 cells infected with Ad2-atto565, or (F) in L929 or L929-CAR cells
inoculated with Ad5-RGD4C-atto565. In (D and E), virus was bound to cells at 0C and internalized for the indicated times, whereas in (E) virus was bound and
internalized into cells at 37C for 20min. The distributions of antibody intensities are shown as box plots. Themedians of these distributions were compared using
Wilcoxon rank sum test (p values).
See also Figure S6.
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Virus Uncoating by Cell Surface Receptor Motionstermini of twoCARmoleculesstick together (Heet al., 2001). Thus,
CAR clustering by FK may engage an avidity mechanism and
enhance infection (Lortat-Jacob et al., 2001), as well as drifting
motions.
Interestingly, drifting motions are observed with GPI-linked
CAR lacking transmembrane and cytosolic domains (Fig-
ure S4A), and GPI-CAR fully supports infection (see also Wang
and Bergelson, 1999). The drifts of GPI-linked CAR could involve
glyco-sphingolipids and cholesterol-rich membrane domains
(Varma and Mayor, 1998) that would enhance CAR clustering.
In fact, the binding of mouse polyomavirus to ganglioside-glyco-
lipids triggers drifts, apparently in the absence of direct contacts
of the virus with a transmembrane protein (Ewers et al., 2005).
The adenovirus-triggered CAR drifts depend on dynamic actin
filaments andmyosin-2, as shown by chemical interference. This
is similar to other receptors mediating retrograde motions of
viruses on filopodia, such as retroviruses, polyomavirus, papillo-
mavirus, or vaccinia virus (reviewed in Burckhardt and Greber,
2009). Our finding that the adenovirus engages with drifting
CAR on the cell body and thereby enhances infection suggests
a function for CAR additional to just attaching the virus to the
plasma membrane. This function is not related to searching for
a particular site on the plasma membrane, since viral motions
by diffusion were not sufficient to give rise to full infection.
Instead, the binding of adenovirus to CAR triggers drifting
motions, and together with integrins, this provides a cue for fiber
shedding and the exposure of the membrane-active internal
protein VI. Both steps are inhibited in blebbistatin- or cytoD-
treated cells, and protein VI exposure is reduced in CAR-nega-
tive L929 cells compared to L929-CAR-positive cells. CAR-
mediated drifts are unlikely to promote virus infection merely
by enhancing virus binding to integrins, since Ad5-RGD4C,
which is capable of directly binding to integrins without CAR, is
less infectious and exposes protein VI less efficiently than the
same virus on CAR-positive cells.
Integrins are not involved in adenovirus drifts but associated
with virus confinement. Interference with virus-integrin interac-
tions increases the drifts and reduces the confined motions, as
well as fiber shedding and protein VI exposure. These results
suggest that fiber shedding and protein VI exposure are depen-
dent on both the CAR drifts and virus-integrin interactions. These
events may occur simultaneously. Interestingly, the binding of
soluble avb5 to the RGD loop of the Ad12 penton base untwists
the penton base pentamer (Lindert et al., 2009), possibly weak-
ening the stability of the capsid vertex. In fact, our results
demonstrate that soluble integrins allow fiber shedding but
inhibit infection, whereas cRGD peptides, which compete for in-
tegrin binding to penton base, block fiber shedding (Nakano
et al., 2000; Wickham et al., 1993).
In conclusion, this report shows that drifting motions and
coreceptor confinement activate a viral membrane lytic factor.
Other viruses may use similar strategies for their uncoating
programs.EXPERIMENTAL PROCEDURES
Live Cell Microscopy
Adenovirus motions were recorded by spinning disc confocal microscopy
at 37C for 90–600 s at a frequency of 2–25 Hz between 0 and 10 min afterCell Hosvirus addition to cells, as described (Helmuth et al., 2007). Images were
recorded on a Cascade 512 EM-CCD camera (Photometrics) with an N.A.
1.35 UplanApo 1003 objective on an Olympus IX81 inverted microscope
(Olympus Switzerland) equipped with a temperature-controlled incubator
box (Life Imaging Services, Basel, Switzerland), a Yokogawa scanning head
QLC100 (VisiTech International) with triple band-pass excitation (488 nm/
565 nm/647 nm) and emission filters (Chroma), and an Innova 70C mixed-
gas laser (Coherent). TIRF microscopy was performed as described (Helmuth
et al., 2007). For multichannel recordings, images were acquired sequentially.
Single Particle Tracking and Trajectory Segmentations
Single particle tracking (Sbalzarini and Koumoutsakos, 2005) and trajectory
segmentation (Helmuth et al., 2007) were performed from data acquired by
live imaging experiments as described. Confidence intervals for the median
of the fractions of motion types were estimated by bootstrapping (Helmuth
et al., 2007). Diffusion constants, drift speeds, and lengths were calculated
from the segmented tracks. The precision of borders between the different
motion types was estimated with in silico trajectories and gave 90%–99.8%
correct identifications of the individual motion steps (Helmuth et al., 2007).
This precision was sufficient considering the very high heterogeneity of viral
tracks. Diffusion was identified as a motion pattern, which looked significantly
different from the drifts and the confined motions. It is not to be confused with
pure random walks, which can be seen at the plasma membrane with super
high-speed imaging (Kusumi et al., 2005) (seeMSS slope analysis in Figure S2).
All image and data analysis was done with MATLAB (The Mathworks).
Dynamin2-EGFP and Virus Cointernalization
Images were recorded on the Olympus IX81 in TIRF mode at 1 Hz in the Ad2-
atto565 channel and 0.5 Hz in the EGFP channel during the first 10min of infec-
tion. The virus images were subjected to particle tracking and trajectory
segmentation. Image sequences were analyzed manually and internalization
events selected where a virus particle disappeared from the TIRF view simul-
taneously with a short peak in dynamin2-EGFP intensity. Selected trajectories
were subjected to trajectory segmentation and tracks aligned at their start.
Immunofluorescence Assay for Fiber Release
and Protein VI Exposure
Cells were treated with drugs, infected, stained with the R72 anti-fiber anti-
body (Baum et al., 1972), and processed for confocal microscopy as described
in the Supplemental Experimental Procedures. MacBiophotonics ImageJ
(http://www.macbiophotonics.ca/downloads.htm) was used for image pro-
cessing of Figure 7C. The level of antibody staining was determined on the
position of the viruses. Mean antibody intensities were calculated for each
cell and plotted as box plots where the middle horizontal line represents the
median, the lower end of the box is the 25th percentile, and the upper end
of the box is the 75th percentile of the distribution. Bars span the entire distri-
bution excluding the outliers that are plotted as plus signs. Themedians of two
distributions were compared using the Wilcoxon rank sum test. Analysis of
protein VI exposure in infected HeLa, M21L versus M21L4 or L929 versus
L929-CAR cells, was done as described for fiber release.
Virus Endocytosis
Cells, viruses, and antibodies were used as described in the Supplemental
Experimental Procedures. Analyses were performed by a MATLAB-based
routine (Puntener et al., 2011).
Cryosection EM
Cryosections were prepared according to the Tokuyasu method (Slot and
Geuze, 2007).
For additional information, see the Supplemental Information.SUPPLEMENTAL INFORMATION
Supplemental Information includes seven figures, three movies, Supplemental
Experimental Procedures, and Supplemental References and can be found
with this article online at doi:10.1016/j.chom.2011.07.006.t & Microbe 10, 105–117, August 18, 2011 ª2011 Elsevier Inc. 115
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